Introduction
Oil shale, as an alternative energy resource, has received much attention in recent years [1] [2] . In China, oil shale was mainly deposited in lacustrine environments, such as Tertiary oil shale in the Maoming and Huadian areas, and Triassic oil shale in the Minhe basin [3] . Marine oil shale is mainly found in the Qiangtang basin, northern Tibet, China [4] [5] [6] [7] [8] , including the Bilong Co oil shale zone and the Shengli River-Changshe Mountain oil shale zone. These zones represent the largest marine oil shale resource in China.
The Shengli River-Changshe Mountain oil shale zone is located in the southern part of the North Qiangtang depression, northern Tibet plateau, China (Fig. 1a) , comprising the Shengli River oil shale and the Changshe Mountain oil shale (Fig. 1b) . The Shengli River-Changshe Mountain oil shale zone is exposed for a distance of more than 50 km in the east-west direction and 30 km in the north-south direction (Fig. 1b) . The proven reserves of the Shengli River-Changshe Mountain oil shale deposit have been estimated to exceed 1 billion tonnes [7] , being potentially the largest marine oil shale resource in China.
Earlier studies of the Shengli River-Changshe Mountain oil shale were focused on the organic geochemistry [6] and sedimentary environment of the oil shale beds [7] . Only few studies have been made to examine the trace element composition of this oil shale. The knowledge of the distribution and concentration of trace elements in oil shale is important not only for geochemistry but also for studies related to mobilization of potentially hazardous elements from environmental point of view.
The object of the present study is to determine the composition of trace elements, study the sources of sediments and modes of occurrence of the trace elements in the Shengli River oil shale.
Geological setting
On a large scale, the Tibetan Plateau constitutes a tectonic collage of continental blocks (terranes). From north to south, Tibet is comprised of the Kunlun-Qaidam, Songpan-Ganzi flysch complex, Qiangtang, and Lhasa terranes, which are separated by the east-striking Anyimaqen-KunlunMuztagh, Hoh Xil-Jinsha River and Banggong Lake-Nujiang River suture zones, respectively [9] (Fig. 1c) .
The Qiangtang block, bounded by Hoh Xil-Jinsha River suture zone to the north and Banggong Lake-Nujiang River suture zone to the south, respectively, consists of the South Qiangtang depression, the central uplift and the North Qiangtang depression (Fig. 1a) . At the beginning of the Cretaceous period, the Banggong ocean was closed by the northward subduction beneath the Qiangtang terrane, resulting in a large-scale regression in the Qiangtang basin. During this interval, the South Qiangtang depression was uplifted entirely, while the North Qiangtang depression was still a depositional area.
The Shengli River oil shale is located in the southern part of the North Qiangtang depression, northern Tibet plateau, China (Fig. 1a) , where Lower Cretaceous marine deposits are widely spread [7] , including the Upper part of the Shengli River Formation, the Xueshan Formation and the Bilong Binghe Formation. On the basis of sedimentary structures, lithology and fossils three facies associations were recognized: fluvial-delta, tidal flatlagoon and shallow marine.
Fluvial-delta facies association is represented by the Xueshan Formation in the Qiangtang basin. The Xueshan Formation is mainly composed of sandstone and mudstone with minor conglomerate. Tidal flat-lagoon facies association occurs in the Shengli River Formation, and is characterized by oil shale, marl and gypsum salt intercalated with micritic limestone and coquina. Shallow marine facies association is represented by the Bailong Binghe Formation, mainly comprising marl, mudstone, calcarenite and shale. HJS -Hoh Xil-Jinsha River suture; BNS -Banggong Lake-Nujiang River suture; YTS -Yarlung Tsangpo suture.
Samples and analytical methods
The study area and sampling section are presented in Fig. 1b . All 25 samples were collected from the Shengli River oil shale section. Twenty of them were collected from oil shale seams with a vertical sampling interval of 0.5 m on average, and the other five samples were collected from marl layers. Details of sampling location and rock assemblages are shown in Fig. 5 .
Samples for geochemical analysis were all crushed and ground to a particle size smaller than 200 mesh. X-ray fluorescence spectrometry (XRF) was used to determine the oxides of major elements, including Si, Al, Ca, K, Na, Fe, Mn, Mg, Ti and P. The analytical procedures are similar to those described by Kimura [10] . The analytical inaccuracy is usually <5%. Inductively coupled plasma mass spectrometer (ICP-MS) was used to determine the content of trace elements in samples, following the method described in Chinese National Standard DZ/T0223-2001. The samples were digested in HF+HNO 3 using microwave furnace. The level of detection limit for elements is n × 10 -13 -n×10 -12 , where n = 1-9 [11] . Ash yield (the ash yield is measured at 815 °C) and the content of total sulphur were determined according to Chinese standard methods GB/T212-2008 and GB/T214-2007, respectively. Total organic carbon (TOC) and organic sulphur (S o, d ) were determined at the Geological Laboratory of Exploration and Development Research Institute of PetroChina Southwest Oil and Gas Field Company, according to Chinese standard methods GB/T19145-2003 and GB/T215-2003, respectively.
The mineral phases were determined by optical microscopic observation and powder X-ray diffraction spectrometer (XRD). The XRD measurements were carried out at Tianjin Institute of Geology and Mineral Resources using a D8 ADVANCE diffractometer equipped with a Cu-target tube and a curved graphite monochromator, operating at 35 kV and 40 mA. Samples were scanned from 5° to 70° with a step size of 0.02° (2θ). The analytical procedures follow the method described by Chinese National standard SY/T6210-1996.
The results were statistically analyzed using the Statistical Product and Service Solutions (SPSS) statistical program. Pearson's correlation coefficients between the concentration of the trace elements and ash, main element and sulphur were obtained. The elemental associations were studied by cluster analysis.
Results and discussion

Characterization of oil shale
The Shengli River oil shale samples show higher concentration of organic matter (9.42-15.38%) compared to the marl samples (0.63-2.32%) ( Table 1) . The S o, d contents of oil shale samples from the Shengli River area range between 0.61% and 2.13%, whereas marl samples contain 0.39-0.69% of organic sulphur ( Table 1) .
The Shengli River oil shale samples are characterized by high ash yields ranging from 56.40% to 64.58% ( [8] .
Mineralogy of the Shengli River oil shale
Microscopic observation reveals that in general, the Shengli River oil shale samples contain more than 50% of minerals by volume (51.3-72.5%). These comprise mainly carbonates (22.5-44.3%), quartz (7.0-16.3%), clay minerals (16.2-36.5%) and pyrite (0.4-3.3%). The content of calcite is high in the samples of the Shengli River oil shale, where it occurs mainly as fine particles (Fig. 2) . Abundant fossil shells were also found in the oil shale samples. The shell material was found to be nearly pure calcite. Clay minerals are common in the oil shale samples. They occur in thin-layered and massive forms (Fig. 2) . Quartz occurs mainly as fine particles (Fig. 2) .
The minerals identified by X-ray diffraction were calcite (46.2-77.6%), clay minerals (mainly illite, also some kaolinite) (14.4-35.4%), quartz (5.4-12.6%) and minor quantities of pyrite (0.7-3.0%) (Fig. 3) . Dolomite (0-5.6%) and haematite (0-2.3%) were also detected in several oil shale samples. 
Elements in oil shale
Geochemistry of main elements
The most abundant elements in the oil shale samples are Ca, Si, and Al (Table 1) . High Ca content may refer to abundant calcite, bivalve and gastropod fossil remains in the oil shale seams. Dolomite has also been found in some oil shale samples, indicating that Ca is partly present in dolomite. High content of Al (1.05-2.66%) and Si (3.89-9.66%) refers that oil shale samples of the Shengli River are rich in clay minerals and quartz. XRD analysis identified great amounts of kaolinite, illite, and quartz. Fe and K are the second most abundant elements (Table 1) , while all other major elements (Mg, Na, Ti, P, and Mn) have concentration up to 1.0%. In contrast, samples exhibit a slightly higher Si (6.29-9.41%), Al (1.92-3.00%), K (0.71-1.17%) and slightly lower Ca (15.39-26.38%) and Fe (0.79-1.37%) concentrations, while all other elements (Mg, Na, Ti, P and Mn) have concentration up to 1.0%.
Concentration of trace elements in the Shengli River oil shale
The concentrations of trace elements of 25 samples from the Shengli River oil shale are presented in Table 2 . Table 2 also contains the Clarke values of trace elements and enrichment factor (EF) of some elements. The arithmetic mean for each element from the oil shale samples and the marl samples was calculated.
On the average, the most abundant trace elements are Sr (407.2-2365.2 µg/g) and Ba (85.84-256.3 µg/g), whereas all the other elements occur in amounts smaller than 100 µg/g. Compared to the oil shale samples, the marl samples contain a little lower concentrations of Co, Cu, Ni, Pb, Sr, U, and V.
The pioneering work of Patterson et al. [12] established that many trace elements are well above normal abundances in oil shales. Abundance of an element in oil shale may be described by an EF, which is the ratio of the concentration of an element in oil shale to the average concentration in the crust (Clarke value) [13] . The trace elements Sr and U can be described by enrichment factor of 3.66 and 2.51, respectively. The abundance of U is bound up with high content of organic matter and abundant pyrite found in oil shale seams because U is typically present in sulphides and/or organic matter [14] . High concentration of Sr may be due to its substitution for Ca in calcite [15] . The elements Rb, Pb, and Th have EF >1.2 because Rb, Pb, and Th are partly controlled by sulphides and/or organic matter. Cobalt, Cr, Sc, Dy, Er, Eu, Ga, Hf, Ho, Lu, Nb, Sc, Ta, Tb, V, Y, Yb, Zn, and Zr have an EF less than 0.5. The low concentration of these elements is probably attributed to weathering of source rocks because they are mainly or partly present in detrital clay minerals. All other elements studied show more or less the same concentration as the Clarke values with the EF between 1.2 and 0.5. Clearly, the abundance or concentration of an element may be a function of that association and the origins of the various oil shale fractions. 
Geochemical associations
The cluster analysis divides elements into three associations (Fig. 4) , referred to as group A, B, and C. Group A includes S o, d , S t, d , U, V, Fe, Pb, Na, Cu, Ni, TOC, and Co (Fig. 4) . The correlation coefficients of S o, d -S t, d (0.998), U-V (0.97), and CuNi (0.95) are all higher than 0.95. Elements from this group exhibit a relatively high affinity with organic matter (Table 3) .
Group B: Mn, Sr, Ca, and Mg are clustered in the second association (Fig. 4) . The correlation coefficients of pairs of elements in this association are lower than 0.29. Elements from this group have negative or weakly positive correlation coefficients with ash yield, ranging from -0.62 to 0.007 (Table 3) .
Group C includes Dy, Ho, Tb, Y, Tm, Yb, P, Eu, Gd, Er, Lu, Nd, Pr, Ga, Sm, Ce, La, Ge, Zn, Ba, Si, K, Cr, Nb, Zr, Rb, Th, Hf, Ta, Sc, and Ti. (Table 3) .
Affinity of the elements
The correlation of the element concentrations with ash yield may provide preliminary information for their organic or inorganic affinity [16] . Elements divided into five groups are classified according to their correlation coefficients with ash yield (Table 3) .
The first group includes elements Si, Al, K, Ba, Ce, Cr, Dy, Er, Eu, Gd, Hf, Ho, La, Lu, Nb, Nd, Pr, Rb, Sc, Sm, Ta, Tb, Th, Ti, Tm, Y, Yb, and Zr (Table 3) . Those elements have a very high positive correlation coefficient (>0.65) with ash yield indicating mainly inorganic affinity. All those elements are normally related to aluminosilicate minerals demonstrating that they mainly originate from clay minerals, which are also supported by the occurrence of kaolinite and illite identified by the XRD analysis. Note that the Al/Si ratios of oil shale samples are low (0.26-0.30), allowing to suggest that Si has another source besides clay minerals. The abundant quartz identified by the XRD analysis allows to assume that the extra Si is present in the form of quartz. The second group includes element Ga. Gallium displays a positive correlation with ash yield (r = 0.60) indicating prevailing inorganic affinity. The significantly positive correlation coefficients between Ga and Al (r = 0.89); Si (r = 0.91), K (r = 0.92), and Ti (r = 0.94) indicate that Ga is mainly present in clay minerals. Additionally, Ga displays also a weakly positive correlation with S t, d (r = 0.24) and appears to be related to the S-bearing minerals such as pyrite.
The correlation coefficients of the elements with ash yield in the third group vary from 0.20 to 0.35, including elements Na, P, Ge, and Zn. Germanium and Zn exhibit a similar mode of occurrence in the Shengli River oil shale. Both Ge and Zn are mainly associated with clay minerals. The positive correlations between Ge and Al (r = 0.57); Si (r = 0.62), K (r = 0.63), and Ti (r = 0.64); Zn and Al (r = 0.66); Si (r = 0.68), K (r = 0.69), and Ti (r = 0.67) support the above mentioned observations. Additionally, a weakly positive correlation between total sulphur, Ge (r = 0.47) and Zn (r = 0.35) was also observed in the oil shale seams, indicating a sulphur affinity with Ge and Zn.
The fourth group includes elements with correlation coefficients below the statistically significant value (±0.2) including Co, Mn, Pb, Sr, U, and V. Cobalt, Pb, U, and V exhibit a similar mode of occurrence in the Shengli River oil shale. They are mainly associated with sulphide (probably pyrite) and organic matter. The elements of the fifth group (Table 3) have negative correlation coefficients with ash yield, which vary between -0.25 and -0.62 (Fe, Ca, Mg, Cu, and Ni). The Ca concentration correlates negatively with ash yield (r = -0.62), allowing to suggest that Ca is probably present in more than one form, as inferred by Mukhopadhyay et al. [17] . The Shengli River oil shale samples have a high Ca concentration, which is also supported by the presence of Ca-bearing minerals. Significant amounts of calcite found in oil shale samples support the abovementioned observations. Additionally, oil shale samples TC-8, TC-14, TC-15, TC-16, TC-17, TC-18, TC-19, and TC-20 have high content of Ca (28.88%, 28.03%, 28.88%, 28.88%, 29.99, 28.17, and 28.04%, respectively) corresponding to abundant gastropod fossil remains, which suggest that Ca is also related to the fossil remains. 
Environmentally important elements
In the discussion above, we proposed that abundant elements in the Shengli River oil shale include Sr, U, Rb, Pb, and Th. The elements U, Pb, and Th are defined as environmentally important elements [18] . According to Table 3 , U and Pb exhibit mainly organic and sulphur affinity, while Th is mainly associated with the clay minerals in oil shale. Therefore, concentration of Th may play role when oil shale ash is considered to be used as building material.
The content of U in the Shengli River oil shale samples ranges from 1.047 µg/g to 3.564 µg/g, with an average value of 2.284 µg/g, which is approximately 2.5 times higher compared to the Clarke value [13] , but lower than 30 µg/g for common Australian oil shale [19] (Table 3 ). The distributions of U in the Shengli River section are illustrated on Fig. 5 . Generally, the upper seams of the Shengli River oil shale are rich in U (e.g., TC-5, TC-6, TC-7, and TC-8), while the middle and lower seams (e.g., TC-17, TC-18, TC show relatively low concentration of U. The vertical variations of U show close correlations with TOC and S t, d contents (Fig. 5) suggesting that U is mainly present in organic matter and S-bearing minerals.
The concentration of Pb in the oil shale samples ranges from 5.778 µg/g to 16.82 µg/g, with an average value of 11.99 µg/g, which is approximately 1.5 times higher compared to the Clarke value [13] , higher than 6 µg/g for common Australian oil shale [19] (Table 3 ). The vertical variations of Pb are similar to that of U. The upper seams have high concentration of Pb (e.g., TC-5 and TC-6), while the middle and lower seams have relatively low Pb concentrations (e.g., TC-17, TC-18, and TC-19). The examination of con- centrations of Pb, TOC, and S t, d (Fig. 5) in the Shengli River oil shale shows that Pb is mainly present in organic matter and S-bearing minerals.
The content of Th varies from 2.422 µg/g to 5.570 µg/g in the Shengli River oil shale samples. The weighed mean value is 4.264µg/g, which is approximately 1.2 times higher compared to the Clarke value [13] and higher than 2.3 µg/g for common Australian oil shale [19] (Table 3) . High concentration of Th is not uniformly distributed among the seams studied. Very often, high Th concentrations are observed on the lower part (e.g., TC-23) and on the top of the seam (e.g., TC-1, TC-2 and TC-3). This trend is in close correlation with variations of Al concentration (Fig. 6 ), indicating that clay minerals are probably a Th carriers in the Shengli River oil shale.
Origin of elements in oil shale
The elements that are positively correlated to the ash in oil shale were probably of terrigenous origin, but those negatively correlated to ash were authigenic [20] . In the Shengli River oil shale, elements Si, Al, K, Ba, Ce, Cr, Dy, Er, Eu, Gd, Hf, Ho, La, Lu, Nb, Nd, Pr, Rb, Sc, Sm, Ta, Tb, Th, Ti, Tm, Y, Yb, and Zr exhibit high positive correlation coefficients with ash yield indicating mainly terrigenous origin. Elements Fe, Ca, Mg, Cu, and Ni have negative correlation coefficients with ash yield indicating mainly seawater influence. Other elements, such as Ge, Zn, Co, Mn, Pb, Sr, U, and V, show low or negligible relationship with ash yield indicating they were probably related to seawater and terrigenous source material.
Rare earth elements (REEs) have been used as tracers to identify sources of oil shale mineral matter [8] . The chondrite-normalized REE pattern of the oil shale samples from the Shengli River area is characterized by high LREE/HREE (light rare earth elements/ heavy rare earth elements) ratios (average 7.85), nearly flat HREEs (Fig. 6) , and a significantly negative Eu anomaly (δEu = 0.63-0.72). These features characterize a felsic origin [21] [22] . Studies by Wang et al. [21] and Fu et al. [22] show that the Nadi Kangri felsic volcanic rocks, widely occurred in the western and eastern parts of the Qiangtang basin, have a relatively high contentof REEs (80.02-220.84 µg/g) and LREE/HREE ratio (5.94-13.85) and also a distinct or slightly distinctive Eu anomaly (0.42-0.98). The REE distribution patterns in the Nadi Kangri felsic volcanic rocks are similar to those in oil shale samples (Fig. 6 ), indicating that REEs in the oil shale samples were probably derived from the Nadi Kangri felsic volcanic rocks in the Qiangtang basin.
The Shengli River oil shale was formed at the beginning of the Cretaceous period [5] . During this interval, large-scale regressions could have taken place in the Qiangtang basin region [7] . The depocenter was located in the northwestern part of the North Qiangtang depression. Therefore, the detrital material of oil shale seams in the Shengli River oil shale was mainly derived from the eastern and the southern parts of the Qiangtang basin, where the Upper Jurassic marine deposits (Suowa Formation limestone) are widely spread. Fig. 6 . Distribution patterns of rare earth elements in oil shale samples from the Shengli River area. Note the similarity in REE patterns for oil shale samples, the Nadi Kangri felsic volcanic rocks (ND) and the Suowa Formation limestone (SW).
The Suowa Formation limestone has low concentration of REEs (8.32-78.48 µg/g, average 41.16 µg/g) and shows clearly fractionated LREEs relative to HREEs (LREE/HREE = 6.62-9.22) with a distinct negative Eu anomaly (0.53-0.75). These patterns are generally similar to those of the oil shale samples from the Shengli River area, indicating that part of the REEs in oil shale samples were derived from the Suowa Formation limestone.
The REE, Th and Sc are generally considered to be the most reliable indicators of sediment provenance because their distribution is less affected by heavy-mineral fractionation than that of elements such as Zr, Hf, and Sn [13] . The ratios such as Eu/Eu*, (La/Lu) N , La/Sc, Th/Sc, and Cr/Th are significantly different in mafic and felsic source rocks and can, therefore, provide information about the provenance of sedimentary rocks [23] . The Eu/Eu* (Eu/Eu*=europium anomaly calculated as [Eu/(Eu*)] = [(Eu N )/((Sm N +Gd N )/2)]), (La/Lu)N, La/Sc, Th/Sc, and Cr/Th ratios of the oil shale samples are similar to those of the Nadi Kangri felsic volcanic source rocks and the Suowa Formation limestone ( Table 4 ), indicating that elements related to terrigenous origin in the oil shale samples were mainly derived from the Nadi Kangri felsic volcanic rocks and the Suowa Formation limestone in the Qiangtang basin. analysis into three groups. The first group (organic sulphur, total sulphur, U, V, Fe, Pb, Na, Cu, Ni, organic carbon, and Co) comprises elements with positive correlation with the organic carbon content. The second group (Mn, Sr, Ca, and Mg) has weakly positive or slightly negative correlation coefficients with ash yield, while the third group (Dy, Ho, Tb, Y, Tm, Yb, P, Eu, Gd, Er, Lu, Nd, Pr, Ga, Sm, Ce, La, Ge, Zn, Ba, Si, K, Cr, Nb, Zr, Rb, Th, Hf, Ta, Sc, and Ti) shows high positive correlation coefficients with ash yield. 3. In the Shengli River oil shale, elements related to terrigenous origin in the oil shale seams have originated from two sources: one is the Nadi Kangri Formation felsic volcanic rock source and the other is the Suowa Formation limestone.
